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Abstract

Measurements are made of optical radiation from the luminous plume in a flow tube used to produce single-wall carbon
nanotubes by laser ablation of graphite. Measurements include 10 s exposures for a spectral region of 310-630 nm taken at
several times after single and two-laser puises and time-dependent measurements at a number of wavelengths. Strong
emission from the C, Swan bands and possibly from C, are seen superimposed on a significant continuum the origin of
which is uncertain. Temperatures estimated from ratios of intensities of Swan band features are in the range of 2500—4000

K. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

There has been great interest in the production
and characterization of single-wall carbon nanotubes
(SWNT) because of possible applications in nanos-
tructures [1], super-strong materials [2], nanoelec-
tronics {3], and hydrogen storage [4). A variety of
processes have been used to produce them, including
arcs [5-7], laser ablation [8], chemical vapor deposi-
tion [9] (CVD), and pyrolysis [10].

SWNTs are being produced at the NASA Johnson
Space Center using the laser ablation process devel-
oped at Rice University [8]. Details of the formation
of SWNTs are not well understood, but empirical
process variations have helped to optimize produc-
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tion rates and nanotube yield and purity. It has been
speculated that the growth of nanotubes occurs from
partially closed fullerenes held ‘open’ by nano-sized
particles of Co/Ni metal catalyst on which C, at-
taches. A recent study by Yudasaka et al. [11] fo-
cused on Raman measurements of SWNTs grown by
laser ablation in argon at different pressures. Unfor-
tunately, there have been no known successful at-
tempts to measure directly the formation of SWNTs
in situ.

The objective of this work is to measure the
evolution of observable C, emission from the plume
in the ultraviolet and visible region of the spectrum
and to infer information about the formation of
carbon nanotubes. We will present time-dependent
data for potential use in gauging how the reactions
leading to the formation of SWNTs might proceed
kinetically. We present a photograph that shows
overall plume development, and some spectral mea-
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surements taken at various times after the laser pulse,
and time-dependent measurements at various wave-
lengths. Correlations of these spectral data from a
parametric study of SWNT production will be pre-
sented later.

2. Experiment

The apparatus for nanotube production by laser
ablation, shown in Fig. [, is similar to the one used
at Rice University [8], and is described in detail
elsewhere [12]. The current configuration uses two
10 Hz pulsed lasers (370 mJ /pulse and 5.5 mm in
diameter), one operating at 532 nm (green), followed
by the second one operating at 1064 nm (IR) 50 ns
later. The graphite target containing cobalt and nickel
(1 atom% each) is in a flow tube maintained at 1473
K in a flowing argon atmosphere (100 sccm flow:
66.7 kPa pressure). Light emitted from the plume is
transferred via an optical fiber to a Spex 270M
spectrograph. Two detectors are used for recording
the emission spectra: a gateable intensified charge-
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Fig. 1. Photograph of target, plume, and laser-illuminated tlow
and particles in inner flow tupe with the configuration of the oven
and fiber-optic light collectors.

coupled device (ICCD) and a photomultiplier tube
(PMT). Most of the spectra are recorded with 25 pm
slit widths using a 300 line/mm grating blazed at
500 nm. All the spectra are intensity calibrated using
a standard lamp the calibration of which is traceable
to the NIST.

Transient spectral data is collected by connecting
the output of the PMT to a transient digitizer with a
10 ns channel width. Time-averaged spectra are col-
lected with gate widths of 10 ws and at different
times (0.4, 8 and 25 us) after the IR laser pulse.

Whereas the lasers scan across the target during a
production run, all transient and steady-state data are
collected with stationary laser beams fixed at the
center of the target. Data collection is initiated 90 s
after the start of the laser beams to allow for thermal-
ization of the target surface.

3. Measurements and discussion
3.1. Photographic observations

Photographs such as seen in Fig. | were used to
obtain estimates of the size and location of the
visible plume. The luminous plume appears violet—
white and is confined to a small region near the
surface of the target. Its duration is less than 1 ms
per pulse, as confirmed first by high-speed video and
then by transient emission measurements. This pho-
tograph was taken with a notch filter to remove
scattered 532 nm laser radiation. To the left of the
plume, inside the 25 mm inner flow tube, there is a
glow that appears to contain high-temperature parti-
cles, probably heated to incandescence by the lasers.
Our calculations of particle absorption of laser en-
ergy (taking into account the complex index of re-
fraction of the particles) show that a large fraction of
each particle may vaporize, particularly by the 532
nm beam. The fraction vaporized is independent of
particle size, as long as the particles are smaller than
the laser wavelength.

3.2. Emission spectral distributions
Spectra averaged over about 10 ws, at delay times

of 0.4, 10, and 25 ws after the IR laser pulse, were
obtained in the spectral range of about 320-630 nm
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(Fig. 2). The predominant feature is the C, d}flu—
a}H“ Swan band emission system [13,14]. To show
relative changes in the profiles these spectra are
normalized to the peak intensity at 516 nm, which is
the (v',0") = (0,0) bandhead of the C, Swan bands.
The peaks associated with various vibrational transi-
tions, Av =0 — 0", are indicated in Fig. 2, along
with a tentative identification of C, emission. We do
not see any atomic lines in this spectral range.

Comparisons of spectra for various laser pulses
and delay times are shown in Fig. 3. We can see that
the single laser pulses produce much less radiation
than the two lasers together. The effect is more than
just additive. There seems to be a synergism in
intensity that is consistent with production of carbon
SWNTs, where the two-laser-pulse production rate is
much greater than the sum of the single-pulse pro-
duction rates [8]. In Fig. 3 we see that the intensity
decreases with time for all laser combinations. This
time evolution will be discussed later.

An estimate of the vibrational temperature is ob-
tained from the ratios of vibrational peaks in the
spectrum. Using a technique described in Ref. [15],
theoretical spectra were calculated at various temper-
atures, and ratios of integrals over short intensity
ranges were found as a function of temperature. In
particular we chose to use the ratio of intensity

14]

integrals in the vicinity of the vibrational peaks (1,0)
and (0,0) of the C, Swan band (d'TI,~a'II ). Inte-
grated intensities over the wavelength ranges
465.04—475.87 nm and 509.87-519.07 nm were de-
termined, with an estimated underlying continuum
subtracted. The points at the earliest time cover an
interval from 0.4 to 10.4 ps. During that time there
is a significant variation in the intensities. Therefore,
the inferred temperature during that interval is an
approximate average. The temperatures during the
first 30 s, shown in Fig. 5, range from 2500 to
3800 K. Note that the temperatures decrease slowly
with time over the range covered and that the tem-
perature is highest with both laser pulses together.
The temperatures for the green single pulse is higher
than for the IR one.

In an attempt to obtain another estimate of tem-
peratures we compared measured spectra with spec-
tra calculated at various temperatures. We saw no
consistent agreement in the shape of the spectral
curves for any temperature. If we obtained a good fit
for one of the band sequences Ao =0, 1, or 2, then
the other sequences did not fit well. This implies that
there may be significant non-equilibrium in the vi-
brational levels due, perhaps, to chemiluminescence.

In Figs. 2 and 3 we see an underlying continuum
having a maximum at about 400 nm. The underlying
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Fig. 2. Normalized spectral distributions obtained in laser ablation plume at various times after laser pulses with identification of peaks

associated with C, Swan bands and C,. Both lasers are fired.
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Fig. 3. Un-normalized spectra taken 0.4, 8, and 25 ps after laser
pulses for combination and single laser pulses.

continuum may be due to radiation from C; and to
particulate continua. At short wavelengths it is most
likely due to C,. Rohlfing [16] attributes a similar
looking spectrum to Rayleigh emission from parti-
cles and to C, (C lHS—A IHU), whereas Monchicourt
[17] attributes spectra in this region to C, (%, -1L).
The measured absorption cross-section profiles of C,
(XIE;—A'HU) by Cooper and Jones [18] in the
temperature range determined here are comparable to
our measurements.

The significant continuum underlying the C, Swan
bands (400-650 nm) is also not well understood. It
may be due to particles of carbon and/or catalyst
smaller than the wavelength of light. However, the
spectral distribution is not understood. We have cal-
culated black-body and Rayleigh particle emission
[19] curves, but there does not seem to be a tempera-
ture that would yield good agreement over the entire
spectral range. It is possible that electrons may be
created in the laser ablation plume that recombine to
radiate free-bound continua. Calculations were made
of C*-e™ continua for a range of temperatures.
These calculations do not seem to support this hy-
pothesis because the spectral distribution is not con-
sistent at low wavelengths at any temperature, with
the intensity falling off significantly at short wave-
lengths.

3.3. Transient emission measurements

Transient measurements of emission at various
wavelengths are made with a spectral bandwidth of
6.25 nm to probe the kinetics of plume development.
A summary is given in Fig. 4. For each wavelength
the intensity is normalized by the maximum value
that occurs between 100 and 1200 ns. All wave-
lengths except those at 350 and 400 nm correspond
to peaks in the C, Swan band spectrum. The peak at
400 nm, as well as the radiation at 350 nm, may
correspond to C, and possibly to unresolved cobalt
and nickel atomic lines very early in the plume
development. Given this, we see a different rate of
production and decay of C, and Co and Ni as
compared with C,. All of the traces contain some
background from particles or other species.

In the first 2.5 us of the history shown in Fig. 4a,
we see the initial transient of the intensities, where
the 350 nm measurement shows high relative inten-
sity spike 100 ns after the laser pulse. It is followed
by a rise to a peak at 400 ns and then drops quickly
to 20% of the peak by 1700 ns. The time that the
intensities reach a maximum varies as a function of
wavelength. Wavelengths associated with the C,
Swan bands tend to peak around 800—1100 ns. At an
estimated speed of sound of about 1200 m /s (based
on a temperature of 4000 K) the distance the plume
could travel would be about 1.2 mm. This is consis-
tent with the location of the observation point from
the target surface.
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Fig. 4. Transient behavior of laser plume intensities at various
wavelengths. (a) Normalized intensities during early transient, (b)
normalized and smoothed for period of zero to 80 ps, and (c)
ratios of intensities with respect to intensity at 510 nm. The
spectral bandwidth is 6.25 nm.

In Fig. 4b we notice that after the initial transient
there are three fairly distinct regions of intensity
decay for most wavelengths. One region occurs from
about 1.6 to 6.0 ws, another from about 12 to 20 s,

Table |
Characteristic decay times in microseconds for three regions and
eight wavelengths, A

A 1.6-6.0 s 12--20 ws 30-80 ps

(nm)  Early reaction  Late reaction and  Particle cooling
zone cooling zone zone

350 8.41 30.6 27.6

400 132 29.1 17

435 931 233 16.7

468 12.5 26.3 1.3

510 134 273 12.3

556 9.29 221 12.2

600  6.68 22.1 15.2

611 7.11 20.0 16.0

and the last appears to be from about 30 to at least
80 jus. Characteristic decay times, determined from
curve fits of the transient data over these times, are
given in Table 1. The first time period may corre-
spond to chemical reactions and to cooling of the
plume. The second probably corresponds to reactions
that consume C, and C;. The last period probably is
a combination of loss of C, and C; as well as a drop
in particle temperature. Since these decay times are
much longer than the radiative lifetimes of the bands,
the decay is related to a change in the number
and/or temperature of the radiating species. The
excited state C, and C, may be formed from atomic
and molecular recombination as well as multi-photon
induced dissociation of carbon clusters including
fullerenes. Experiments are in progress to verify this
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Fig. 5. Temperatures inferred from ratios of intensity integrals
with single and double laser pulses.
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conjecture and to distinguish these different mecha-
nisms.

In Fig. 4c we see time-dependent ratios of intensi-
ties taken at various wavelengths for the span of time
up to 80 ps. Variations (humps) seen in the decay
(Fig. 4b) in the neighborhood of 10 and 28 us
appear weakly only in the ratios 350/510 and
400/510 because the radiation is from two species.
Since we see no perturbations in the ratio associated
with various Av bands of C, it is very likely that the
temperature does not vary much. The ratio of 468-
510 nm is almost constant from 4 s until about 20
ws, implying that the vibrational temperature is rela-
tively constant during that interval. We see that there
was not much variation in temperature during this
time period as determined from intensity integral
ratios. After 20 ws the ratio decreases until about 55
LS.

The fact that the ratio of intensities of 350/510
nm increases from 7 ps onward is not understood,
especially after about 50 ws. It may be associated
with a disappearance of C, relative to particulates.
This same behavior is seen in the ratio of 610 to 510
nm.

4. Conclusions

We have presented the first known optical diag-
nostics measurements taken in a laser ablation plume
during the production of SWNTs. As seen in the
photograph the luminous plume is only a few mil-
limeters in diameter and extends a few millimeters
from the surface of the target. A glow is seen where
the laser illuminates the upstream particles in the
flow tube. This is attributed to luminous particles
heated by the laser beams.

Spectral measurements of the plume emission in-
dicate that the primary emission is from the C, Swan
band system. No atomic lines are seen in the wave-
length range measured. Additional data collection at
shorter times (A7~ 0 ns) and absorption measure-
ments are planned to monitor the atoms. There is
also a significant continuum underlying these bands
that is probably from particulate radiation. However,
the intensity distribution does not clearly indicate
that this is gray body radiation. It also deviates from

Rayleigh particle emission. We also see a feature in
the spectrum that covers a range of 310 nm to at
least 430 nm, peaking at about 400 nm which ap-
pears to be C,;. No atomic lines are seen in the
wavelength range measured. Higher intensities are
seen with both laser pulses as compared with only
single pulses. This correlated with the amount of
SWNTs produced when the two laser pulses are
separated in time by 50 ns. Temperatures at several
time points are inferred from measured intensity
ratios of integrals of Swan band features. The tem-
peratures also showed a dependence on the combina-
tion of laser pulses, with the combination of two
laser pulses resulting in higher temperatures and the
532 nm laser producing higher temperatures than the
1064 nm laser. The range of temperatures during the
first 30 s was estimated to be from 2500 to 3800
K.

Transient measurements are made at several
wavelengths which showed that peak intensities oc-
cur at about 800-1100 ns for the C, band heads,
whereas radiation at 350 nm peaks much earlier,
suggesting a quite different phenomenon is causing
radiation at this wavelength. The overall shape of the
transient curves is similar for the C, band heads, and
the curves for 350 and 400 nm appear quite different
from the others. In fact, the normalized 350 nm
curve becomes greater than the others after about 60
s implying that the C, radiation is disappearing,
whereas other radiation, e.g., continuum from parti-
cles or other species, remains.

In the future, additional spectral analyses will
include regions of the spectrum not included in this
study, higher-resolution spectra for temperature de-
terminations, and a parametric study to correlate
measurements with SWNT production.
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